Saturated vs. unsaturated hydrocarbon interactions with carbon nanostructures by Deivasigamani Umadevi & G. Narahari Sastry
ORIGINAL RESEARCH ARTICLE
published: 03 September 2014
doi: 10.3389/fchem.2014.00075
Saturated vs. unsaturated hydrocarbon interactions with
carbon nanostructures
Deivasigamani Umadevi and G. Narahari Sastry*
Centre for Molecular Modeling, CSIR - Indian Institute of Chemical Technology, Hyderabad, India
Edited by:
Alister Page, The University of
Newcastle, Australia
Reviewed by:
Jose A. Gamez, Max-Planck-Institut
für Kohlenforschung, Germany
Cina Foroutan-Nejad, Masaryk
University, Czech Republic
*Correspondence:
G. Narahari Sastry, Centre for
Molecular Modeling, CSIR - Indian
Institute of Chemical Technology,
Hyderabad, India
e-mail: gnsastry@gmail.com
The interactions of various acyclic and cyclic hydrocarbons in both saturated and
unsaturated forms with the carbon nanostructures (CNSs) have been explored by using
density functional theory (DFT) calculations. Model systems representing armchair and
zigzag carbon nanotubes (CNTs) and graphene have been considered to investigate
the effect of chirality and curvature of the CNSs toward these interactions. Results
of this study reveal contrasting binding nature of the acyclic and cyclic hydrocarbons
toward CNSs. While the saturated molecules show stronger binding affinity in acyclic
hydrocarbons; the unsaturated molecules exhibit higher binding affinity in cyclic
hydrocarbons. In addition, acyclic hydrocarbons exhibit stronger binding affinity toward the
CNSs when compared to their corresponding cyclic counterparts. The computed results
excellently corroborate the experimental observations. The interaction of hydrocarbons
with graphene is more favorable when compared with CNTs. Bader’s theory of atoms
in molecules has been invoked to characterize the noncovalent interactions of saturated
and unsaturated hydrocarbons. Our results are expected to provide useful insights toward
the development of rational strategies for designing complexes with desired noncovalent
interaction involving CNSs.
Keywords: graphene, carbon nanotube, DFT, noncovalent interactions, saturated hydrocarbons, unsaturated
hydrocarbons
INTRODUCTION
Carbon nanomaterials such as graphene and carbon nanotubes
(CNTs) have been emerged as the promising materials for bio-
medical applications due to their unique physical and chemical
properties (Niyogi et al., 2002; Rao et al., 2009; De Volder et al.,
2013). They have also been considered as potential candidates in
designing of advanced functional materials for sensors, energy
storage devices, fuel cells and electronics (Kumar et al., 2011).
Owing to their exceptional properties and nanoscale dimensions,
these nanomaterials provide great opportunities tomimic the sin-
gle cells with the aim of designing chips that are as efficient as
cells (Andersson and Van Den Berg, 2004). The intense sensitivity
of carbon nanostructures (CNSs) toward doping and changes in
the chemical environment make them suitable for sensors (Kong
et al., 2000; Barone et al., 2005).
The noncovalent interactions of the CNSs have been widely
recognized as they are essential to appreciate various applications
of CNSs in biology and materials science (Chen et al., 2003; Zhao
and Stoddart, 2009; Mahadevi and Sastry, 2013). The noncova-
lent interactions of CNSs such as cation−π,π− π, and CH· · ·π
with various metal ions, bio-molecules, and small molecules have
been analyzed in several theoretical studies (Umadevi and Sastry,
2011a,b, 2012, 2013, 2014). Noncovalent interactions are ubiq-
uitous and central in several areas of contemporary scientific
interest. The influence of factors such as size, solvation and cur-
vature of the systems on their noncovalent interactions has been
studied extensively (Priyakumar et al., 2004; Rao et al., 2008;
Vijay and Sastry, 2008; Premkumar et al., 2012). Recent reviews
have highlighted the importance of noncovalent interactions in
various fields (Wheeler, 2012; Mahadevi and Sastry, 2013). The
π− π stacking interactions of CNSs with aromatic molecules are
central in explaining the biological application of the CNSs. In
addition to the π− π interactions which have been widely stud-
ied (Mahadevi et al., 2010; Chourasia et al., 2011), the XH· · ·π
interactions of the CNSs have also gained recent research interest.
Kar et al. have studied the magnitude and nature of interactions
between CNTs and aromatic systems (Kar et al., 2008). Schreiner
and co-workers have shown from their studies that σ/σ and π/π
interactions are equally important and thus insisted the possibil-
ity of the existence of multilayered graphanes (Fokin et al., 2011).
The importance of noncovalent interactions in understanding
various applications of CNSs has been elaborately discussed in a
recent accounts (Umadevi et al., 2014).
The physical and chemical properties of the CNSs, critically
depend on their dimensionality. Graphene consists of a pla-
nar arrangement of carbon atoms packed in a two-dimensional
hexagonal lattice. The extended π-network in the 2D graphene
is the basic building block for CNSs of various dimensions, for
instance 3D graphite, which is formed from the stacked layers
of graphene, 1D CNTs which is basically the rolled graphene
sheet and the 0D fullerene is formed by wrapping the graphene
sheet. We have shown by a series of studies that the planar
graphene shows stronger binding affinity than the curved CNTs
toward noncovalent interactions (Umadevi and Sastry, 2011b,
2013, 2014). Besides, comparing and contrasting the binding
affinity of CNTs of different chirality and curvature is interesting
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in its own right. Subramanian and co-workers have made seminal
contributions to understand the effect of curvature and chirality
of CNSs on binding with various bio-molecules (Balamurugan
et al., 2011; Ravinder et al., 2012; Balamurugan and Subramanian,
2013). It has also been shown from our group that the zigzag
CNTs show stronger propensity to bind with various aromatic
molecules and bio-molecules than the armchair CNTs (Umadevi
and Sastry, 2013).
Even though CNSs have shown to be potential for a wide
range of applications, their chemical inertness and insoluble
nature are the major restrictions for their thriving applications.
Covalent and noncovalent functionalization of CNSs serves as a
useful tool to overcome these limitations and provide much easier
manipulation of the CNSs. Kim and co-workers have comprehen-
sively reviewed the covalent and noncovalent functionalization
of graphene in a recent literature (Georgakilas et al., 2012).
Noncovalent functionalization emerged as the most efficient way
of functionalizing the CNSs without disturbing their honeycomb
carbon network. Li et al. have shown the possibility of using non-
covalent functionalization of alkali metals to separate semicon-
ducting CNTs frommetallic CNTs (Li et al., 2013). A recent study
describes the strength and importance of the noncovalently func-
tionalized graphene by polymeric adsorbates (Mann and Dichtel,
2013). Thus, the noncovalent interaction of CNSs is one of the
very actively examined concepts in modern nanochemistry as it is
believed to open the path toward various innovative applications.
The adsorption and separation of various gas mixtures play
significant role in various disciplines. CNSs have also been used in
the adsorption and separation of olefin/paraffin mixtures which
is one of the key processes in the chemical and petrochemical
industries (Cruz and Mota, 2009; Albesa et al., 2011). Jiang et al.
studied the adsorption and separation of linear and branched
alkanes on CNT bundles (Jiang et al., 2005). Clearly, there is a
need to better understand the difference in the binding strength
of these saturated and unsaturated hydrocarbons (Premkumar
et al., 2014). Besides, the study of alkane and alkene interac-
tions with CNSs has been invoked to throw light on the π− π
and CH· · ·π interactions which is of fundamental importance
in the contemporary nanoscience literature. The current study
aims to endow with a comprehensive and comparative analysis
of the interactions of various saturated and unsaturated hydro-
carbons with CNSs. The different possible orientations and their
binding strength have been addressed. We have also studied the
effect of curvature and chirality of the carbon materials on the
binding strength. Comparisons have been given with experimen-
tal data whenever these are available. The nature of line critical
points (LCPs) between the hydrocarbons and CNSs in the satu-
rated and unsaturated hydrocarbons has been characterized with
the help of the Bader’s theory of atoms in molecules (Bader, 1990;
Cortés-Guzmán and Bader, 2005).
COMPUTATIONAL METHODS
Geometry optimization of all the model structures considered
have been done by employing a two-layer ONIOM approach as
implemented in Gaussian 09 (Frisch et al., 2009). The hydrocar-
bon molecules considered and a seven ring fragment in the CNSs,
resembling coronene (24 atoms) has been considered as the high
layer and the rest of the system has been considered as the low
layer as shown in the Figure 1. The dangling bonds at the trun-
cated ends of the CNSs were passivated with hydrogen atoms to
avert spurious end effects.
The stationary points obtained have been characterized as
minima by verifying the presence of all real frequencies. All the
ONIOM geometry optimizations have been done at (M06–2X/6–
31G∗: AM1) level of theory. While many popular functionals
of the density functional theory (DFT) be inadequate to model
the noncovalent interactions, the de novo parameterized M06-2X
functionals of Zhao and Truhlar has been proven to be suitable
(Zhao and Truhlar, 2008).
The ONIOM (QM:QM) models have been effectively
employed to study various noncovalent interactions of CNSs in
the earlier studies (Umadevi and Sastry, 2011b, 2012, 2013, 2014).
However, in order to ensure the reliability of ONIOM approach
for the accurate description of energies, full geometry optimiza-
tion of CNT(4,4) has been done at M06-2X/6-31G∗ level and
the results obtained were compared with the ONIOM results. It
is found from Table 1 that the results obtained in the ONIOM
approach are in good concurrence with the full optimization.
Binding energy (BE) has been calculated by means of the super
molecule approach, where BE is the difference between sum of
FIGURE 1 | The atoms shown by the ball-and-stick model were considered for the higher layer and the rest of the atoms shown by the tube model
were considered for the lower layer in the ONIOM calculation.
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the total energies of the parent CNS (ECNS) and the hydrocarbon
(EX) and the total energy of the complex (ECNS_X) as shown in
equation 1.
BE = (ECNS + EX) − ECNS_X (1)
Table 1 | BE (kcal/mol) of the hydrocarbons with CNT (4,4) obtained
using ONIOM approach and full optimization.
Molecules M06-2X/6-31G*//ONIOM M06-2X/6-31G*
(M06-2X/6-31G*: AM1)
BE BE
A2 −3.76 −3.74
A4 −6.19 −6.15
A6 −9.16 −9.24
CA4 −6.51 −6.56
CA6 −4.72 −4.72
CA10 −8.03 −7.99
E2 −3.30 −3.29
E4 −5.84 −5.89
E6 −7.96 −7.98
CE4 −6.10 −6.09
CE6 −6.21 −6.24
CE10 −9.19 −9.11
The energy values thus obtained have been fine tuned by sin-
gle point calculations at M06-2X/6-311G∗∗ level. Electron density
at the LCPs in all the structures has been mapped using the
AIM2000 program (Biegler-König, 2000, 2001; Biegler-König and
Schönbohm, 2002).
MODEL SYSTEMS CONSIDERED IN THE STUDY
We adopted cluster models for the first-principles calcula-
tions to represent the structure of CNSs such as graphene
and CNTs as shown in Figure 2. Armchair CNTs with various
diameters such as CNT(4,4), CNT(5,5), CNT(6,6), CNT(7,7),
and zigzag CNTs such as CNT(8,0), CNT(10,0), CNT(12,0),
CNT(14,0) have been considered. Besides, graphene nanorib-
bons (GNRs) such as GNR1, GNR2, GNR3, and GNR4 have
been modeled. Thus, the eclectic model systems considered
will help to determine the effect of chirality and curvature
of the CNSs toward binding with the hydrocarbons. The
model systems used to represent the hydrocarbons have been
given in Figure 3. A set of acyclic hydrocarbons in both sat-
urated and unsaturated forms and a set of cyclic hydrocar-
bons in both saturated and unsaturated forms have been
considered to study their interaction with CNSs. The nomen-
clature used in this discussion is as follows; acyclic satu-
rated hydrocarbons (An), acyclic unsaturated hydrocarbons (En),
cyclic saturated hydrocarbons (CAn) and cyclic unsaturated
FIGURE 2 | Model systems used to represent the carbon nanostructures.
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FIGURE 3 | Acylic and acylic hydrocarbons considered in this study.
hydrocarbons (CEn), where n denotes the number of carbon
atoms.
RESULTS AND DISCUSSION
The discussion is focused on the comparison of the binding affin-
ity of the saturated and unsaturated hydrocarbons. The binding
affinity of the cyclic hydrocarbons has also been compared with
the corresponding acyclic hydrocarbons. This is followed by the
portrayal of the effect of chirality and curvature of the CNSs
toward the hydrocarbon binding. We also discuss the results of
AIM analysis which provides further insight to the binding of sat-
urated and unsaturated hydrocarbons. A qualitative comparison
has been made with our results and the available experimental
results.
SATURATED vs. UNSATURATED HYDROCARBONS
A systematic analysis has been done to understand the interac-
tion of hydrocarbons with the CNSs. Before proceeding with all
CNSs, a preliminary study has been done, where various possible
orientations of all the hydrocarbons considered with CNT(4,4).
Themost stable orientations observed from the preliminary study
have been considered for further study in all other CNSs. For
instance, En and CEn hydrocarbons orients themselves in stacked
(S) or T-shaped (T) orientations with respect to the CNSs, which
makes them interact by CH· · ·π or π− π mode of interac-
tions, respectively (Figure 4). Our results show that S orientations
are more stable than the T orientations, in both the cases of
En and CEn. A similar analysis has been done for all the other
hydrocarbons with the CNT(4,4) and the results have been given
in the Supplementary Material. The best possible orientations
obtained from the above analysis have been considered for further
study.
Acyclic hydrocarbons—saturated vs. unsaturated
The BE of acyclic hydrocarbons such as ethane (A2), n-butane
(A4), and n-hexane (A6) have been calculated with armchair
FIGURE 4 | Possible orientations (S and T) of the unsaturated
hydrocarbons on CNSs and their binding energies (kcal/mol).
CNTs, zigzag CNTs and GNRs and the values are listed in Table 2.
It is evident from the table that, as the size of the hydrocarbon
increases the BE is also increasing. The increase in the BE energy is
more prominent in the case of graphene than the CNTs. In order
to compare their unsaturated counterparts, we have calculated
the BE of ethylene (E2), 1,3-butadiene (E4), and 1,3,5-hexatriene
(E6) with all the considered CNSs. As observed in the case of An,
the BE increases as the size of the En increases and the increase is
more dramatic in the case of graphene. An interesting observation
is that, the binding affinity of An has been found to be higher than
the corresponding En. The same trend has been noted for both
CNTs and GNRs; however, the difference obtained in their BE is
much lower in the case of graphene. In general, alkane molecules
interact with the CNTs via CH· · ·π interaction where as alkenes
interact byπ− π interaction. Our results indicate that in the case
of acyclic hydrocarbons, the saturated An molecules bind more
strongly than the unsaturated hydrocarbons En.
The shortest distance between CNSs and the hydrocarbons
(r) obtained in the geometry optimization of the CNS-An and
CNS-En complexes have been listed in Table S1 (Supplementary
Material). In the case of CNS-An complexes, the distance is mea-
sured from the nearest H atom of the An to the surface of the
CNSs. For En complexes, the distance is measured from the near-
est C atom of the En to the surface of the CNSs. It is observed
from Table S1 that the An hydrocarbons are at a distance of
around 2.5Å from the CNS surface. And En orient themselves
from the CNSs surface at a distance of around 3.0Å. The repre-
sentative optimized structures and the geometry parameters of
the CNT-hydrocarbon complexes have been given in Figure 5 and
the rest of the structures have been given in the Supplementary
Material.
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Table 2 | BE (kcal/mol) of CNSs with various acyclic saturated (An) and unsaturated (En) hydrocarbons at M06-2X/6-311G**//ONIOM
(M06-2X/6-31G*: AM1) level.
Armchair Zigzag Graphene
An En An En An En
CNT(4,4) CNT(8,0) GNR1
n = 2 4.13 3.74 n = 2 4.91 3.70 n = 2 5.01 5.08
n = 4 6.82 6.59 n = 4 7.12 6.15 n = 4 9.48 8.97
n = 6 9.98 9.06 n = 6 10.05 8.70 n = 6 13.55 13.10
CNT (5,5) CNT(10,0) GNR2
n = 2 4.44 3.85 n = 2 3.97 3.76 n = 2 5.01 5.01
n = 4 7.76 7.30 n = 4 7.42 6.51 n = 4 9.44 9.20
n = 6 10.40 9.39 n = 6 10.09 10.03 n = 6 13.48 12.60
CNT (6,6) CNT(12,0) GNR3
n = 2 4.61 4.04 n = 2 4.22 3.86 n = 2 5.02 4.53
n = 4 7.00 5.74 n = 4 7.90 6.77 n = 4 9.45 8.98
n = 6 11.48 10.00 n = 6 11.00 10.67 n = 6 13.48 13.08
CNT (7,7) CNT(14,0) GNR4
n = 2 4.34 4.09 n = 2 4.52 3.93 n = 2 5.00 5.14
n = 4 7.95 7.44 n = 4 8.26 7.79 n = 4 9.31 8.47
n = 6 11.52 10.20 n = 6 11.23 10.03 n = 6 13.42 12.63
FIGURE 5 | Optimized geometries of the complexes CNT (4,4) with all the considered hydrocarbons. The nearest distance between the monomers is
given in Å.
Cyclic hydrocarbons—saturated vs. unsaturated
We further focused on the BE of cyclic saturated hydrocar-
bons such as cyclobutane (CA4), cyclohexane (CA6), and decalin
(CA10) with CNSs. The results obtained have been compared
with that of the BE of their unsaturated counterparts such as
cyclobutadiene (CE4), benzene (CE6), and naphthalene (CE10).
Table 3 summarizes the BE values of both saturated and unsat-
urated cyclic hydrocarbons. It is obvious from the table that the
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Table 3 | BE (kcal/mol) of CNSs with various cyclic saturated (CAn) and unsaturated (CEn) hydrocarbons at M06-2X/6-311G**//ONIOM
(M06-2X/6-31G*: AM1) level.
Armchair Zigzag Graphene
CAn CEn CAn CEn CAn CEn
CNT(4,4) CNT(8,0) GNR1
n = 4 5.92 6.79 n = 4 7.39 7.58 n = 4 7.19 9.01
n = 6 5.25 7.08 n = 6 5.84 7.80 n = 6 7.89 10.91
n = 10 9.18 10.69 n = 10 9.68 11.23 n = 10 13.55 17.44
CNT (5,5) CNT(10,0) GNR2
n = 4 5.92 7.43 n = 4 6.89 7.18 n = 4 7.20 8.73
n = 6 6.60 7.32 n = 6 5.78 8.56 n = 6 8.01 10.44
n = 10 10.06 11.75 n = 10 10.78 12.59 n = 10 13.16 16.78
CNT (6,6) CNT(12,0) GNR3
n = 4 6.47 6.98 n = 4 6.07 7.65 n = 4 7.20 9.00
n = 6 6.52 8.21 n = 6 6.96 8.72 n = 6 7.91 10.99
n = 10 9.28 12.10 n = 10 10.46 12.78 n = 10 13.48 17.43
CNT (7,7) CNT(14,0) GNR4
n = 4 6.62 7.42 n = 4 6.83 8.06 n = 4 7.22 8.71
n = 6 6.31 8.06 n = 6 6.23 8.69 n = 6 7.96 11.04
n = 10 10.17 12.95 n = 10 10.65 13.53 n = 10 13.26 16.78
BE increases as the size of the hydrocarbon increases in most of
the complexes except in a few complexes of CNTs, where the BE
of CE4 has been found to be more than the CE6 complexes. In
contrast to the observation in acyclic hydrocarbons, the bind-
ing affinity of unsaturated CEn is more than that of its saturated
counterpart CAn.
CYCLIC vs. ACYCLIC HYDROCARBONS
In this section, we have compared the binding affinity of acyclic
hydrocarbon with their cyclic counterparts toward the CNSs. For
instance, we have considered A4 and A6 hydrocarbons in the
acyclic set, which can be compared with that of the cyclic hydro-
carbon CA4 and CA6. Similarly, in the unsaturated set E4 and
E6 can have the cyclic counterparts as CE4 and CE6. Comparing
and contrasting the binding affinity of these hydrocarbons will
be interesting in its own right. Figures 6, 7 illustrate the binding
affinity of the cyclic vs. acyclic hydrocarbons in their saturated
and unsaturated forms, respectively. The cyclic and acyclic forms
of the hydrocarbons with same number of carbon atoms have
been compared. It is clear from the figures that the acyclic hydro-
carbons show stronger binding affinity toward the CNSs than
their cyclic counterparts. However, there is not much differ-
ence observed between the binding affinities of the E4 and CE4
complexes.
EFFECT OF CHIRALITY AND CURVATURE
CNTs have been known to exist in different chirality such as arm-
chair CNTs and zigzag CNTs. As the CNTs are considered to be
the rolled form of graphene sheet in one dimension, the chiral-
ity of the CNTs is envisaged by the rolling of graphene sheet in
different orientations (Charlier, 2002). Based on the orientation
of the tube axis with respect to the plane of the graphene sheet
the structure of a CNT can be specified by chiral indices (n,m).
Armchair CNTs which exhibit metallic behavior are represented
as CNT (n,n) and the zigzag nanotubes are semiconductors which
are defined as CNT (n,0). In order to explore the effect of CNTs
chirality on the binding affinity toward various hydrocarbons, we
have considered armchair and zigzag CNT models of compara-
ble diameters. A systematic comparison of the BE of the armchair
CNTs, zigzag CNTs and GNRs have been given in Figures 8, 9
for the acyclic and cyclic hydrocarbons, respectively. It is appar-
ent from the figures that, virtually there is no change in the BE as
the chirality of the CNTs varies.
While the studies on the interaction of planar π–systems have
been explored in the literature, several studies on the curved π–
systems have also been gradually forthcoming in recent years. To
discuss the effect of curvature on the BE, both curved and pla-
nar model systems have been considered as shown in Figure 2.
In order to represent the planar π–systems, we have considered
GNR1, GNR2, GNR3, and GNR4 model systems. The models
used to mimic the armchair CNTs such as CNT (4,4), (5,5), CNT
(6,6), and CNT (7,7) are the rolled form of the graphene nanorib-
bons GNR1, GNR2, GNR3, and GNR4, respectively. Hence the
effect of curvature can be studied by comparing the BE of these
model systems. Let us revisit Tables 2, 3, where the BE of all the
hydrocarbon complexes have been given. It is clear from the table
that the BE of the planar GNRs are higher than that of the cor-
responding curved π–systems i.e., CNTs. It is also interesting to
note that difference in the BE of the planar and curved systems
increases as the size of the hydrocarbon increases. Figures 8, 9
have also reinforced the fact that the flat graphene shows strong
binding affinity than the curved CNTs. Thus, the preceding
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FIGURE 6 | Binding energy of cyclic vs. acyclic saturated hydrocarbons. (A) n-butane vs. cyclobutane and (B) n-hexane vs. cyclohexane.
FIGURE 7 | Binding energy of cyclic vs. acyclic unsaturated hydrocarbons. (A) 1,3 butadiene vs. cyclobutadiene and (B) 1,3,5 hexatriene vs. benzene.
FIGURE 8 | Effect of curvature and chirality on the binding affinity of acyclic hydrocarbons with CNSs.
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FIGURE 9 | Effect of curvature and chirality on the binding affinity of cyclic hydrocarbons with CNSs.
analysis essentially quantifies the impact of curvature and chiral-
ity of the π–π and CH· · ·π interaction of hydrocarbons with the
CNSs.
COMPARISONWITH THE AVAILABLE EXPERIMENTAL RESULTS
In this section, we have compared the available experimental
observations with our computational results and the result is very
encouraging. The foregoing discussion on the BE of the CNSs-
hydrocarbon molecules clearly depicted the contrasting binding
nature of CNSs toward the acyclic and cyclic hydrocarbons. In
the case of acyclic hydrocarbons, the binding affinity of An has
been found to be greater than En, while for cyclic hydrocarbons,
CEn tends to bind more strongly than the corresponding CAn.
The BE increases as the size of the hydrocarbon increases in all
the cases. In addition, the acyclic hydrocarbons show stronger
binding affinity than the cyclic hydrocarbons toward the CNSs.
Interestingly, the results obtained from our computational
study have found to be in good agreement with the earlier exper-
imental results on CNSs. Díaz et al. studied the adsorption of
hydrocarbons by inverse gas chromatography and reported that
the adsorption energy increases as the size of the hydrocarbon
increases (Díaz et al., 2007). Several experimental and computa-
tional studies showed the preference of CNTs toward ethane than
ethylene (Cruz and Müller, 2009; Albesa et al., 2011; Xingling
et al., 2013). Sumanasekera et al. reported from their experimen-
tal studies that the adsorption energy of SWNT complexes with
benzene is 9.42 kJ/mol and that of cyclohexane is 7.59 kJ/mol.
They have shown systematically that the BE decreases as we go
from CEn to CAn (Sumanasekera et al., 2002). The free energy
of adsorption of benzene over CNTs have been found to be
more than that of the free energy of adsorption of cyclohexane
in an experimental study (Díaz et al., 2007). It has also been
shown from the same study that the free energy of adsorption of
Table 4 | Sum of the electron densities at the LCPs of
CNSs-hydrocarbon complexes in a.u. obtained by AIM analysis.
An En CAn CEn
CNT
n = 2 0.0225 0.0142 n = 4 0.0302 0.0273
n = 4 0.0258 0.0269 n = 6 0.0303 0.0246
n = 6 0.0535 0.0265 n = 10 0.0504 0.0333
ZNT
n = 2 0.0197 0.0125 n = 4 0.0382 0.0260
n = 4 0.0324 0.0244 n = 6 0.0360 0.0261
n = 6 0.0505 0.0145 n = 10 0.0421 0.0390
GNR
n = 2 0.0129 0.0148 n = 4 0.0189 0.0307
n = 4 0.0294 0.0224 n = 6 0.0270 0.0275
n = 6 0.0512 0.0398 n = 10 0.0410 0.0347
acyclic hydrocarbon is higher than that of the cyclic counterpart.
Agnihotri et al. showed from their experimental study on the elec-
tric arc SWCNT sample that the adsorption energy of hexane is
higher than the cyclohexane (Agnihotri et al., 2005).
AIM ANALYSIS
We have employed AIM analysis in order to understand the
noncovalent interaction between the hydrocarbons and CNSs.
We have considered CNT(4,4), CNT(8,0), and GNR1 as repre-
sentative cases to study the topology of electron density of the
complexes of armchair CNTs, zigzag CNTs and GNRs, respec-
tively. The sign of the Laplacian of the density, ∇2ρ, is a broadly
used tool to differentiate shared bonds and closed shell bonds.
A closed shell bond can be either a noncovalent interaction or a
polar-covalent bond like organo-metallic bonds (Cortés-Guzmán
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FIGURE 10 | Atomic positions and LCPs of CNT complexes with hydrocarbons obtained at M06-2X/6-31G∗ level.
and Bader, 2005; Foroutan-Nejad et al., 2014). In general, if the
sign of the Laplacian values are positive, then they are consid-
ered to be closed shell bonds (Higashibayashi et al., 2013). For
the CNS-hydrocarbon complexes, it has been observed that the
Laplacian values are positive and that confirms the existence of
closed shell bonds and noncovalent interactions in this case. As
several LCPs have been observed in between the CNSs and the
hydrocarbons, we have considered the sum of the electron den-
sity values at various LCPs in the stacked regions (Table 4). It
is evident from the table that the sum of the electron densities
increases as the size of the systems increases. Besides, the sum of
the electron densities in the complexes of saturated hydrocarbons
has been found to be higher than their unsaturated counterparts
in most of the cases.
To get further understanding, the topology of electron density
of the complexes has been given in the Figure 10. It is evi-
dent from the figure that there are two different LCPs occurred
in between the hydrocarbon and the CNSs such as C· · ·C and
CH· · ·C. It is also interesting to note that, in the case of sat-
urated hydrocarbon complexes such as An and CAn the LCPs
are obtained between H of the hydrocarbon and C of the CNSs.
However, for unsaturated hydrocarbons, En and CEn, the LCPs
are obtained between C of the hydrocarbon and C of the CNSs.
Thus, the contrasting nature of the LCPs in the complexes of sat-
urated and unsaturated hydrocarbon toward the CNSs is clearly
brought out by the AIM analysis.
CONCLUSIONS
In this work, a systematic study has been done to understand
the interaction of saturated and unsaturated hydrocarbons with
the CNSs. The saturated molecules show stronger binding affin-
ity in acyclic hydrocarbons whereas the unsaturated molecules
exhibit stronger binding affinity in cyclic hydrocarbons. It has
been observed that the BE of the CNSs-hydrocarbon complexes
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increases as the size of the hydrocarbon increases. It is interesting
to note that acyclic hydrocarbons show stronger binding affin-
ity than the cyclic hydrocarbons toward the CNSs. Our results
indicate that planar graphene exhibit stronger binding affinity
toward the hydrocarbons when compared to the curved CNTs.
The results obtained from our computational study have been
found to be in good agreement with the earlier experimental
results on CNSs. The theory of AIM provides a rational basis
for differentiating the complexes of saturated and unsaturated
hydrocarbons. We hope that our results would be very useful in
understanding the various applications of CNSs.
ACKNOWLEDGMENTS
We thank 12th five year plan project of CSIR (INTELCOAT and
MSM) for financial assistance. Deivasigamani Umadevi thanks
CSIR for senior research fellowship.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fchem.2014.
00075/abstract
Optimized structures of possible orientations of hydrocarbons
on CNSs; Optimized geometries of the complexes considered;
AIM molecular graph of zigzag CNTs and GNR.
REFERENCES
Agnihotri, S., Rood, M. J., and Rostam-Abadi, M. (2005). Adsorption equilibrium
of organic vapors on single-walled carbon nanotubes. Carbon 43, 2379–2388.
doi: 10.1016/j.carbon.2005.04.020
Albesa, A. G., Rafti, M., Rawat, D. S., Vicente, J. L., and Migone, A. D. (2011).
Ethane/Ethylene adsorption on carbon nanotubes: temperature and size effects
on separation capacity. Langmuir 28, 1824–1832. doi: 10.1021/la204314a
Andersson, H., and Van Den Berg, A. (2004). Microtechnologies and nan-
otechnologies for single-cell analysis. Curr. Opin. Biotechnol. 15, 44–49. doi:
10.1016/j.copbio.2004.01.004
Bader, R. F. W. (1990). A quantum theory of molecular structure and its applica-
tions. Chem. Rev. 91, 893–928. doi: 10.1021/cr00005a013
Balamurugan, K., Singam, E. R. A., and Subramanian, V. (2011). Effect of curvature
on the α-helix breaking tendency of carbon based nanomaterials. J. Phys. Chem.
C 115, 8886–8892. doi: 10.1021/jp110898r
Balamurugan, K., and Subramanian, V. (2013). Length-dependent stability of α-
helical peptide upon adsorption to single-walled carbon nanotube. Biopolymers
99, 357–369. doi: 10.1002/bip.22185
Barone, P. W., Baik, S., Heller, D. A., and Strano, M. S. (2005). Near-infrared optical
sensors based on single-walled carbon nanotubes. Nat. Mater. 4, 86–92. doi:
10.1038/nmat1276
Biegler-König, F. (2000). Calculation of atomic integration data. J. Comput.
Chem. 21, 1040–1048. doi: 10.1002/1096-987X(200009)21:12<1040::AID-
JCC2>3.0.CO;2-8
Biegler-König, F. (2001). AIM2000. J. Comput. Chem. 22, 545–559. doi:
10.1002/1096-987X(20010415)22:5<545::AID-JCC1027>3.0.CO;2-Y
Biegler-König, F., and Schönbohm, J. (2002). Update of the AIM2000-Program
for atoms in molecules. J. Comput. Chem. 23, 1489–1494. doi: 10.1002/
jcc.10085
Charlier, J. C. (2002). Defects in carbon nanotubes. Acc. Chem. Res. 35, 1063–1069.
doi: 10.1021/ar010166k
Chen, R. J., Bangsaruntip, S., Drouvalakis, K. A., Wong Shi Kam, N., Shim, M., Li,
Y., et al. (2003). Noncovalent functionalization of carbon nanotubes for highly
specific electronic biosensors. Proc. Natl. Acad. Sci. U.S.A. 100, 4984–4989. doi:
10.1073/pnas.0837064100
Chourasia, M., Sastry, G. M., and Sastry, G. N. (2011). Aromatic–aromatic inter-
actions database, A2ID: an analysis of aromatic π-networks in proteins. Int. J.
Biol. Macromol. 48, 540–552. doi: 10.1016/j.ijbiomac.2011.01.008
Cortés-Guzmán, F., and Bader, R. F. W. (2005). Complementarity of QTAIM and
MO theory in the study of bonding in donor–acceptor complexes. Coord. Chem.
Rev. 249, 633–662. doi: 10.1016/j.ccr.2004.08.022
Cruz, F. J. A. L., and Mota, J. P. B. (2009). Thermodynamics of adsorption of light
alkanes and alkenes in single-walled carbon nanotube bundles. Phys. Rev. B
79:165426. doi: 10.1103/PhysRevB.79.165426
Cruz, F. J. A. L., and Müller, E. (2009). Behavior of ethylene and ethane within
single-walled carbon nanotubes. 1-Adsorption and equilibrium properties.
Adsorption 15, 1–12. doi: 10.1007/s10450-009-9154-0
De Volder, M. F. L., Tawfick, S. H., Baughman, R. H., and Hart, A. J. (2013). Carbon
nanotubes: present and future commercial applications. Science 339, 535–539.
doi: 10.1126/science.1222453
Fokin, A. A., Gerbig, D., and Schreiner, P. R. (2011). σ/σ- and π/π-interactions
are equally important: multilayered graphanes. J. Am. Chem. Soc. 133,
20036–20039. doi: 10.1021/ja206992j
Foroutan-Nejad, C., Shahbazian, S., and Marek, R. (2014). Toward a consis-
tent interpretation of the qtaim: tortuous link between chemical bonds,
interactions, and bond/line paths. Chemistry 20, 10140–10152. doi:
10.1002/chem.201402177
Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A.,
Cheeseman, J. R., et al. (2009). Gaussian 09, Revision C.01. Wallingford, CT:
Gaussian, Inc.
Georgakilas, V., Otyepka, M., Bourlinos, A. B., Chandra, V., Kim, N., Kemp, K.
C., et al. (2012). Functionalization of graphene: covalent and non-covalent
approaches, derivatives and applications. Chem. Rev. 112, 6156–6214. doi:
10.1021/cr3000412
Higashibayashi, S., Onogi, S., Srivastava, H. K., Sastry, G. N., Wu, Y. T.,
and Sakurai, H. (2013). Stereoelectronic effect of curved aromatic struc-
tures: favoring the unexpected endo conformation of benzylic-substituted
sumanene. Angew. Chem. Int. Ed. Engl. 52, 7314–7316. doi: 10.1002/anie.201
303134
Jiang, J., Sandler, S. I., Schenk, M., and Smit, B. (2005). Adsorption and sep-
aration of linear and branched alkanes on carbon nanotube bundles from
configurational-bias Monte Carlo simulation. Phys. Rev. B 72:045447. doi:
10.1103/PhysRevB.72.045447
Kar, T., Bettinger, H. F., Scheiner, S., and Roy, A. K. (2008). Noncovalent π−π
stacking and CH—π interactions of aromatics on the surface of single-wall
carbon nanotubes: an MP2 study. J. Phys. Chem. C 112, 20070–20075. doi:
10.1021/jp807809u
Kong, J., Franklin, N. R., Zhou, C., Chapline, M. G., Peng, S., Cho, K., et al.
(2000). Nanotube molecular wires as chemical sensors. Science 287, 622–625.
doi: 10.1126/science.287.5453.622
Kumar, A., Reddy, A. L. M., Mukherjee, A., Dubey, M., Zhan, X., Singh, N.,
et al. (2011). Direct synthesis of lithium-intercalated graphene for electro-
chemical energy storage application. ACS Nano 5, 4345–4349. doi: 10.1021/
nn201527p
Li, N., Lee, G., Yang, J. W., Kim, H., Yeom, M. S., Scheicher, R. H., et al. (2013).
Noncovalent functionalization with alkali metal to separate semiconducting
from metallic carbon nanotubes: a theoretical study. J. Phys. Chem. C 117,
4309–4313. doi: 10.1021/jp3123902
Mahadevi, A. S., Rahalkar, A. P., Gadre, S. R., and Sastry, G. N. (2010). Ab initio
investigation of benzene clusters: molecular tailoring approach. J. Chem. Phys.
133:164308. doi: 10.1063/1.3494536
Mahadevi, A. S., and Sastry, G. N. (2013). Cation-pi interaction: its role and rele-
vance in chemistry, biology, and material science. Chem. Rev. 113, 2100–2138.
doi: 10.1021/cr300222d
Mann, J. A., and Dichtel, W. R. (2013). Noncovalent functionalization of graphene
by molecular and polymeric adsorbates. J. Phys. Chem. Lett. 4, 2649–2657. doi:
10.1021/jz4010448
Niyogi, S., Hamon, M. A., Hu, H., Zhao, B., Bhowmik, P., Sen, R., et al. (2002).
Chemistry of single-walled carbon nanotubes. Acc. Chem.Res. 35, 1105–1113.
doi: 10.1021/ar010155r
Premkumar, J. R., Umadevi, D., and Sastry, G. N. (2014). Quantifying dis-
persion interaction: a study of alkane and alkene dimers. Indian J. Chem.
Sect A 53A, 985–991.
Frontiers in Chemistry | Theoretical and Computational Chemistry September 2014 | Volume 2 | Article 75 | 10
Díaz, E., Ordóñez, S., and Vega, A. (2007). Adsorption of volatile organic
compounds onto carbon nanotubes, carbon nanofibers, and high-surface-
area graphites. J. Colloid Interface Sci. 305, 7–16. doi: 10.1016/j.jcis.2006.
09.036
Umadevi and Sastry Saturated vs. unsaturated
Premkumar, J. R., Vijay, D., and Sastry, G. N. (2012). The significance of the alkene
size and the nature of the metal ion in metal-alkene complexes: a theoretical
study. Dalton Trans. 41, 4965–4975. doi: 10.1039/c2dt30119a
Priyakumar, U. D., Punnagai, M., Mohan, G. P. K., and Sastry, G. N. (2004). A com-
putational study of cation–π interactions in polycyclic systems: exploring the
dependence on the curvature and electronic factors. Tetrahedron 60, 3037–3043.
doi: 10.1016/j.tet.2004.01.086
Rao, C. N. R., Sood, A. K., Subrahmanyam, K. S., and Govindaraj, A. (2009).
Graphene: the new two-dimensional nanomaterial. Angew. Chem. Int. Ed. Engl.
48, 7752–7777. doi: 10.1002/anie.200901678
Rao, J. S., Dinadayalane, T. C., Leszczynski, J., and Sastry, G. N. (2008).
Comprehensive study on the solvation of mono- and divalent metal cations:
Li+, Na+, K+, Be2+, Mg2+ and Ca2+. J. Phys. Chem. A 112, 12944–12953. doi:
10.1021/jp8032325
Ravinder, P., Kumar, R. M., and Subramanian, V. (2012). Studies on the encapsula-
tion of f– in single walled nanotubes of different chiralities using density func-
tional theory calculations and car–parrinello molecular dynamics simulations.
J. Phys. Chem. A 116, 5519–5528. doi: 10.1021/jp210668b
Sumanasekera, G. U., Pradhan, B. K., Romero, H. E., Adu, K. W., and Eklund,
P. C. (2002). Giant thermopower effects from molecular physisorption on
carbon nanotubes. Phys. Rev. Lett. 89:166801. doi: 10.1103/PhysRevLett.89.
166801
Umadevi, D., Panigrahi, S., and Sastry, G. N. (2014). Noncovalent interac-
tion of carbon nanostructures. Acc. Chem. Res. 47, 2574–2581. doi: 10.1021/
ar500168b
Umadevi, D., and Sastry, G. N. (2011a). Molecular and ionic interaction with
graphene nanoflakes: a computational investigation of CO2, H2O, Li, Mg, Li+,
and Mg2+ interaction with polycyclic aromatic hydrocarbons. J. Phys. Chem. C
115, 9656–9667. doi: 10.1021/jp201578p
Umadevi, D., and Sastry, G. N. (2011b). Quantum mechanical study of physisorp-
tion of nucleobases on carbon materials: graphene versus carbon nanotubes.
J. Phys. Chem. Lett. 2, 1572–1576. doi: 10.1021/jz200705w
Umadevi, D., and Sastry, G. N. (2012). Metal ion binding with carbon nanotubes
and graphene: effect of chirality and curvature. Chem. Phys. Lett. 549, 39–43.
doi: 10.1016/j.cplett.2012.08.016
Umadevi, D., and Sastry, G. N. (2013). Impact of the Chirality and curvature of
carbon nanostructures on their interaction with aromatics and amino acids.
ChemPhysChem 14, 2570–2578. doi: 10.1002/cphc.201300089
Umadevi, D., and Sastry, G. N. (2014). Feasibility of carbon nanomaterials as gas
sensors: a computational investigation. Curr. Sci.106:1224.
Vijay, D., and Sastry, G. N. (2008). Exploring the size dependence of cyclic and
acyclic [small pi]-systems on cation-[small pi] binding. Phys. Chem. Chem.
Phys. 10, 582–590. doi: 10.1039/b713703f
Wheeler, S. E. (2012). Understanding substituent effects in noncovalent inter-
actions involving aromatic rings. Acc. Chem. Res. 46, 1029–1038. doi:
10.1021/ar300109n
Xingling, T., Zhigang, W., Zaixing, Y., Peng, X., and Bo, Z. (2013). Adsorptive
separation of ethylene/ethane mixtures using carbon nanotubes: a molec-
ular dynamics study. J. Phys. D Appl. Phys. 46:395302. doi: 10.1088/0022-
3727/46/39/395302
Zhao, Y. L., and Stoddart, J. F. (2009). Noncovalent functionalization of
single-walled carbon nanotubes. Acc. Chem. Res. 42, 1161–1171. doi:
10.1021/ar900056z
Zhao, Y., and Truhlar, D. (2008). The M06 suite of density functionals for main
group thermochemistry, thermochemical kinetics, noncovalent interactions,
excited states, and transition elements: two new functionals and systematic
testing of four M06-class functionals and 12 other functionals. Theor. Chem.
Acc. 120, 215–241. doi: 10.1007/s00214-007-0310-x
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 30 May 2014; accepted: 13 August 2014; published online: 03 September
2014.
Citation: Umadevi D and Sastry GN (2014) Saturated vs. unsaturated hydrocar-
bon interactions with carbon nanostructures. Front. Chem. 2:75. doi: 10.3389/fchem.
2014.00075
This article was submitted to Theoretical and Computational Chemistry, a section of
the journal Frontiers in Chemistry.
Copyright © 2014 Umadevi and Sastry. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
www.frontiersin.org September 2014 | Volume 2 | Article 75 | 11
